We administered sodium meclofenamate, a prostaglandin synthetase inhibitor, to 15 piglets (ages 5-70 d) to test the hypothesis that endogenous prostaglandin pulmonary vasodilators influence total pulmonary resistance under both normoxic and hypoxic conditions. No significant differences in hemodynamic measurements were found between the control group and drug-treated animals more than 12-d-old. When six experimental animals less than 12 d of age were compared with six age-matched controls, meclofenamate produced a small but significant increase in mean pulmonary artery pressure (110 f 9 versus 97 2 lo%, P < 0.05) and total pulmonary resistance (135 2 23 versus 102 + 12%, P < 0.03). The magnitude of the change in total pulmonary resistance produced by 2 mg/kg of meclofenamate during normoxia correlated inversely with postnatal age (r = 0.83, P < 0.01).
Summary
We administered sodium meclofenamate, a prostaglandin synthetase inhibitor, to 15 piglets (ages 5-70 d) to test the hypothesis that endogenous prostaglandin pulmonary vasodilators influence total pulmonary resistance under both normoxic and hypoxic conditions. No significant differences in hemodynamic measurements were found between the control group and drug-treated animals more than 12-d-old. When six experimental animals less than 12 d of age were compared with six age-matched controls, meclofenamate produced a small but significant increase in mean pulmonary artery pressure (110 f 9 versus 97 2 lo%, P < 0.05) and total pulmonary resistance (135 2 23 versus 102 + 12%, P < 0.03). The magnitude of the change in total pulmonary resistance produced by 2 mg/kg of meclofenamate during normoxia correlated inversely with postnatal age (r = 0.83, P < 0.01).
Individual changes in pulmonary hemodynamics produced by acute hypoxia after meclofenamate treatment were the same as pretreatment values and were similar in both young and older animals.
Prostaglandin compounds produce either vasoconstriction of dilation of the pulmonary circulation when administered to adult and neonatal animals (5, 7, 1 I , 17, 18, 20) . The importance of endogenous prostaglandin production in the regulation of pulmonary vascular tone under normoxic and hypoxic conditions is less clear as data from previously reported studies are somewhat conflicting. For example, Tyler et a/. (22) found that pulmonary vascular resistance increased after inhibition of prostaglandin production by indomethacin during both normoxia and acute exposure to hypoxia in newborn goats. Lock et a/. (12) found an increase in pulmonary vascular tone under normoxic conditions within minutes after indomethacin was administered intravenously but not when given orally to 2-4-wk-old lambs. In contrast, Weir et 01. (24) found no changes in pulmonary artery pressure during normoxia after intravenous administration of meclofenamate to 2-4-mo-old calves. We administered sodium meclofenamate, a prostaglandin synthetase inhibitor (3), to nevvborn piglets to further test the hypothesis that endogenous prostaglandin pulmonary vasodilators influence total pulmonary vascular resistance in newborns under both normoxic and hypoxic conditions. Our data indicate that total pulmonary resistance increased after meclofenamate treatment under normoxic conditions in animals less than 12-d-old and that this effect diminished with increasing postnatal age. In addition, we found that inhibition of prostaglandin synthesis had no effect upon hypoxic pulmonary vasoconstriction in piglets.
MATERIALS AND METHODS
Animal preparation. Thirty-three piglets, aged 5-88 d artd weighing 1.75-25 kg, were anesthetized with intravenous sodiuin pentobarbital ( I5 mg/kg), heparinized, and intubated. Each animal was mechanically ventilated using a Harvard small animal ventilator, adjusted to deliver a tidal volume of 15 cc/kg at a rate of 20-30 breath/min in order to maintain Paco, 37 + 5 mm Hg; positive end-expiratory pressure was maintained at 2 cm H 2 0 .
Arterial oxygen tensions were maintained at approximately 60 mm Hg or more during normoxic conditions by supplementing inspired room air with 30% Fioz when necessary. Body temperature was monitored with a rectal probe (Yellow Springs Model 333) and was maintained at 38.5 + 0.7"C using heating lamps 1. 0 approximate the temperatures of awake uninstrumented piglets.
A polyethylene catheter was placed in the descending aorta via the left internal carotid artery for blood pressure recordings and arterial blood sampling. A second catheter was inserted into the superior vena cava via the left external jugular vein for injections of green dye and drug administration. A double-lumen balloontipped catheter was placed in the left branch of the pulmonaly artery via the right external jugular vein under fluoroscopy 1.0 measure pulmonary artery pressure. Inflation of the balloon frequently produced pulmonary hypertension or systemic hypotension, and consequently, pulmonary capillary wedge pressure was measured during only 1 I of 27 experiments. Heart rate and mean pulmonary and systemic artery pressures were measured continuously using Statham PD3 transducers. Arterial blood gas tensions, pH, and cardiac output by the green dye dilution technique were measured intermittently, using a Radiometer blood gas analyzer and Water Instruments cuvette densitometer respectively. Cardiac output determinations required withdrawal of 5 ml of blood past the densitometer with a heparinized syringe using a Harvard infusion pump. Heart rate and mean pulmonary and systemic artery pressures did not change during repeated measurements suggesting that serial measurements of cardiac output per se did not alter the animals' hemodynamic states. Pressure measurements were recorded in digital form every 30 s and cardiac output measurements were calculated throughout the experiment using a NOVA 2000 computer (4 Data analysis. Total pulmonary resistance (E,/CO) and total systemic vascular resistance (B,,/CO) were calculated from each set of hemodynamic measurements made during normoxia and hv~oxia before and after the administration of meclofenamate o; saline. To determine individual responses to meclofenamate, each animal's hemodynamic values before and after receiving the drug during normoxia were expressed as ratios, i.e., posttreatment value/pretreatment value. Hemodynamic changes produced by acute hypoxia were also expressed as ratios, e.g., hypoxic value/normoxic value, in order to compare hypoxic pulmonary pressor responses before and after meclofenamate or saline treatment. Differences between the meclofenamate-treated group and the control group during several periods of ventilation with room air and hypoxia were assessed using a one-way analysis of variance and a Dunnett's test of multiple comparisons. (2) The significance of correlations between drug-induced hemodynamic changes and postnatal age were determined using a Student's t test. P < 0.05 was considered significant.
RESULTS
Intravenous infusions of 100 pg. kg-' . min-' of arachidonate under normoxic conditions increased pulmonary artery pressure by 31 + 30% and total pulmonary resistance by 35 + 23% without changing cardiac output in six piglets, 5-16 d of age. Forty-five minutes after meclofenamate was administered to three of the piglets, arachidonic acid increased mean pulmonary artery pressure by 9 f 3% and total pulmonary resistance by 3 f 5% (Fig. I) . The diminished response to arachidonate after meclofenamate treatment was statistically significant (paired t test, P < 0.05). and after receiving 2 mg/kg of meclofenamate or saline. Pretreatment arterial blood gas tensions were similar to those measured after meclofenamate or saline administration in all animals. Arterial oxygen tensions were statistically similar in both control and meclofenamate-treated animals in all age groups. Mean Paco, and pH pretreatment values were similar in control and meclofenamate-treated groups (Paco2, 39 + 5 versus 37 f 5 mm Hg and pH, 7.42 + 0.06 versus 7.45 + 0.04) and did not change after drug treatment. Paco2 and pH were also similar in the young compared with the older piglets.
Cardiac output values before treatment for the 27 animals correlated with increasing body weight and postnatal age. Consequently, calculated total pulmonary resistance and systemic vascular resistance during normoxia were lower in older animals compared with the younger piglets (Table 1) . When individual hemodynamic responses to 2 mg/kg meclofenamate during normoxia were expressed as ratios of post-treatment values/pretreatment values, no significant differences were found between the older control group and drug-treated animals more than 12-dold. When the six experimental animals less than 12 d of age were compared to the six age-matched control animals, meclofenamate produced a small but significant increase in both mean pulmonary artery pressure (1 10 k 9 versus 97 f 10%, P < 0.05) and total pulmonary resistance (135 + 23 versus 102 + 12%, P < 0.03). Cardiac output fell after administration of meclofenamate more than after saline administration in the younger animals (84 + 14 versus 100 + 17%), but this difference was not statistically significant. The magnitude of the change in total pulmonary resistance produced by 2 mg/kg of meclofenamate t Significant difference between pre-and post-treatment values, P < 0.05. $Pew was measured in three control and two experimental piglets less than 12-d old; and four experimental and two control animals 13-20-tl old.
during normoxia significantly correlated in an inverse exponential fashion with postnatal age for the 15 piglets which received the drug (Fig. 2) . Pulmonary capillary wedge pressure was similar in six experimental and five control animals and did not change after meclofenamate or saline administrations. Furthermore, there was no change in this measurement in young or older animals after meclofenamate treatment (Table 1) .
Hemodynamic values before and after 5-min exposures to hypoxia in young and older piglets before and after treatment with meclofenamate are listed in Table 2 . Under hypoxic conditions, pulmonary artery pressures and total pulmonary resistances approximately doubled compared with normoxic values in every meclofenamate-treated animal. But the individual changes in cardiac output, mean pulmonary and systemic artery pressure, heart rate, and calculated total pulmonary resistance and systemic vascular resistance produced by acute hypoxia after meclofenamate treatment were the same as the pretreatment values in 13 piglets (Fig. 3) . The degree of hypoxic pulmonary vasoconstriction after meclofenamate was also similar to that after saline administration in 1 1 control animals. The magnitude of acute hypoxic pulmonary vasoconstriction before and after meclofenamate treatment was similar in both the young and older animals and did not correlate with postnatal age.
DISCUSSION
Meclofenamate competitively binds to cyclooxygenase, the enzyme which produces prostaglandin intermediates which are then converted to either prostaglandin pulmonary vasodilators or vasoconstrictors (3, 8) . It is approximately 60% more potent than indomethacin and 300 times more potent on a weight-toweight basis than aspirin in inhibiting the production of prostaglandin intermediates (3) . In previous studies, intravenous administration of 1-2 mg/kg of meclofenamate has abolished the efflux of prostaglandin compounds by the kidney (13) . To document the effectiveness of prostaglandin synthesis inhibition in intact newborn piglets, the pulmonary vascular response to arachidonic acid, which is the substrate for cyclooxygenase and precursor for all prostaglandin compounds, was measured before and after meclofenamate treatment. Arachidonate infusions in concentrations of more than 50 pg. kg-' . min-' increase pulmonary artery pressure and pulmonary vascular resistance in awake sheep and anesthetized neonatal goats (14, 21) . Those same effects in our animals were reduced by 7 1 and 90%, respectively, .
. Changes in total pulmonary resistance produced by 2 mg/kg of meclofenamate relate to postnatal age under normoxic conditions. "100" represents no change after treatment compared with pretreatment values (r = 0.83. P < 0.01).
after meclofenamate treatment, demonstrating the effectiveness of this prostaglandin synthesis inhibitor in both young and old piglets.
Meclofenamate reduces the amount of precursor common to' all prostaglandin compounds rather than influencing the enzymes that synthesize individual prostaglandins. Changes, therefore, in the pulmonary hemodynamics after meclofenamate. treatment reflect diminished production of the predominant prostaglandins, either dilators or constrictors, which most influence pulmonary vascular resistance. We found that meclofenamate produced vasoconstriction during normoxia in piglets less than 12 d of age but did not alter pulmonary hemodynamics in older animals. These results suggest that vasodilator prostaglandins influence pulmonary vascular tone more than prostaglandin vasoconstrictors during normoxia in newborn piglets, but that the predominance of prostaglandin vasodilators becomes less pronounced with age.
An alternative explanation for our results would include increased synthesis of leukotrienes from endogenous arachidonic. 1-Hypoxic value significantly different than normoxic value, P < 0.05.
$ Normoxic value after meclofenamate significantly different than pretr -PPA, mean pulmonary artery pressure; PSA, mean systemic arterial pressure, C.O., cardiac output; H.R., heart rate; TPR, total pulmonary resistance; and TSR, total systemic resistance.
acid stores through the lipoxygenase enzymatic pathway (1 5) . If cyclooxygenase is inhibited by meclofenamate, endogenous arachadonic acid might be preferentially utilized to make leukotrienes, compounds which are known to produce pulmonary vasoconstriction when administered to newborn lambs (25) . It is possible that preferential production of leukotrienes after cyclooxygenase inhibition by meclofenamate occurs most readily in the perinatal period and then diminishes with postnatal age. Such a phenomenon was not investigated in this study but remains a possibility consistent with our results.
When postnatal age is considered an important variable, our findings are consistent with data from several reports that heretofore, appeared contradictory. LeMer et al. (10) reported that inhibition of prostaglandin synthesis by indomethacin diminished the fall in pulmonary vascular resistance which accompanied ventilation during the first several hours after birth in newborn goats. In similar studies, indomethacin produced an 82% increase in pulmonary vascular resistance during normoxia --la1 pressure; P,,, mean systemic artenal pressure; TPR, total pulmonary eatment normoxic value. P < 0.05 in 1-d-old premature goats and a 26% increase in pulmonary vascular resistance in 6-d-old fullterm newborn goats (22) . In contrast, Lock et ul. (12) found that oral indomethacin given for 3 d to 10-12-wk-old lambs produced no changes in the pulmonary vascular resistances under normoxic conditions. Finally, Weir et al. (24) found no changes in pulmonary artery pressures in 2-4-mo-old normoxic calves after intravenous administration of meclofenamate. These results as a group are consistent with the hypothesis that endogenous prostaglandin pulmonary vasodilators may be most important around the time of birth and become less influential determinants of pulmonary vascular resistance during normoxia with increasing postnatal age.
Other reports suggest that postnatal age is not the only variable determining the importance of endogenous prostaglandins as regulators of pulmonary vascular tone. Prostaglandin synthesis inhibition by meclofenamate in awake adult dogs produces a rise in pulmonary vascular resistance under normoxic conditions (23) . Similarly, lobar pulmonary artery pressure increases in pump-perfused anethetized normoxic dogs after administration of indomethacin (6) . In awake newborn lambs, 0.1 mg/kg of indomethacin injected into the left pulmonary artery produced a substantial but transient increase in pulmonary vascular resistance which diminished after 30 s and was completely gone by 5 min (12) . The influence of prostaglandins on the pulmonary circulation appears to also depend upon the animal species and the experimental conditions and timing of hemodynamic measurements after inhibition of prostaglandin synthesis.
Inhibition of endogenous prostaglandin production did not alter the magnitude of acute hypoxic pulmonary vasoconstriction in young or older piglets. These results are similar to those reported in awake lambs and dogs (l2,23) but differ from results in calves, anesthetized dogs, and isolated rat lungs (24) . In reports where prostaglandin inhibition augmented the pulmonary hypoxic pressor response, the statistically significant increases in pulmonary artery pressure after drug administration were 10-19% in dogs and calves (24) . In our experiments, the variability of hypoxic pulmonary vasoconstriction associated with multiple exposures to hypoxic gas in each individual piglet averaged 16 ? 10%. Small increases in hypoxic pulmonary vasoconstriction after meclofenamate treatment in piglets may have been similar in magnitude to previously reported results but obscured by the variability of each individual animal's response to hypoxia.
The endogenously produced prostaglandin pulmonary vasodilators, which may be most influential in newborns, have been characterized by others. Terrango et al. (1 9) reported that isolated fetal and neonatal vessels, including pulmonary arteries, produced prostaglandins I, and E? in greater quantities than did adult sheep vessels, and that prostacyclin (PGIZ) was the principle arachidonic acid metabolite produced by pulmonary vessels in newborns. LeMer et ul. (9) reported increased pulmonary venous concentrations of a prostacyclin-like substance after the onset of ventilation in fetal goats and lambs. We speculate that endogenous prostaglandin pulmonary vasodilators, such as prostacyclin, have their greatest influence at the time of birth and become less influential as the newborn grows older. Furthermore, if persistent pulmonary hypertension of the newborn (1, 16) results in part from an abnormally slow synthesis or small influence of prostaglandin pulmonary vasodilators, the self-limited nature of this disorder among survivors of this syndrome may be explained by the progressively smaller influence of prostaglandins on pulmonary hemodynamics which appears to occur with increasing postnatal age.
